We investigate the structure and formation of charmed meson-nucleus systems, with the aim of understanding the charmed mesonnucleon interactions and the properties of the charmed mesons in the nuclear medium. TheD mesic nuclei are of special interest, since they have tiny decay widths due to the absence of strong decays for theDN pair. Employing an effective model for theDN and DN interactions and solving the Klein-Gordon equation forD and D in finite nuclei, we find that the D − -11 B system has 1s and 2p mesic nuclear states and that the D 0 -11 B system binds in a 1s state. In view of the forthcoming experiments by the PANDA and CBM Collaborations at the future FAIR facility and the J-PARC upgrade, we calculate the formation spectra of the [D 
Introduction
The study of hadronic atoms provide essential information on the properties of hadron-nucleon interactions, hadrons in matter as well as the properties of nuclei that are not accessible by other probes. Pionic and kaonic atoms have been intensively investigated over the years [1] [2] [3] [4] [5] [6] , whereas antiprotons in atoms have become a matter of recent interest [7] [8] [9] .
In view of the forthcoming experiments by the PANDA and CBM Collaborations at the future FAIR facility [10] and the J-PARC upgrade [11] , the attention has been also focused on charmed meson-nucleus systems. One of the first works on charmed mesic nuclei analyzed the possibility of D − atoms [12] . There, the 1s, 2s and 1p states of D − in 208 Pb were evaluated using the quark-meson coupling model of Ref. [13] . The energy levels of theD meson in 208 Pb and 40 Ca were obtained in [14] within a model for the charmed meson-nucleon interaction based on the pion exchange. Also,DNN andD * NN bound states were predicted in [15, 16] as well as a bound state of DNN in [17] .
All these works rely upon building a realistic charmed meson-nucleon interaction and extending the analysis to the nucleus. In that respect, unitarized meson-baryon coupledchannel approaches including the charm degree of freedom have been very successful [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . However, these models do not explicitly incorporate heavy-quark spin symmetry (HQSS) [36] [37] [38] and, thus, it is unclear whether they fulfilled the constraints imposed by HQSS. HQSS is a QCD symmetry that appears when the quark masses, such as the charm mass, become larger than the typical confinement scale.
The implementation of HQSS constraints on the mesonbaryon interactions with heavy-quark degrees of freedom has been more recently studied in [39] [40] [41] [42] [43] [44] [45] [46] . Among these works, we must highlight those based on an extension of the WeinbergTomozawa (WT) interaction to spin-flavor including HQSS constraints [39] [40] [41] [42] [43] [44] . Within this approach, we have analyzed the properties of D andD as well as D * andD * in dense matter and studied the formation of charmed-meson nucleus bound states [47] [48] [49] .
In Ref. [48] we have obtained that D 0 binds weakly with nuclei, in contrast to [12] , while the D 0 -nucleus states have significant widths, in particular for heavy nuclei such as 208 Pb. The best chances for observation of bound states are in the region of 24 Mg, provided an orbital angular momentum separation can be done. Moreover, only D 0 -nucleus bound states are possible since the Coulomb interaction prevents the formation of observable bound states for D + mesons. With regards toD-mesic nuclei, not only D − but alsoD 0 bind in nuclei [49] . The spectrum contains states of atomic and of nuclear types for all nuclei for D − whereas only nuclear states are present forD 0 in nuclei, as expected. Compared to the pure Coulomb levels, the atomic states are less bound. The nuclear ones are more bound and may present a sizable width. Moreover, nuclear states only exist for low angular momenta.
In this work, we continue these previous studies and investigate the possibility of observing D − -11 B and D 0 -11 B bound states in 12 C(p, D + ) and 12 C(p,D 0 ) nuclear reactions. The formation spectra are calculated with the Green's function method. This is the first attempt to calculate the formation spectra for charmed mesic nuclear states with an energy dependent optical potential coming from the charmed meson-nucleon interaction in matter. Throughout this study, we set the incident antiproton beam at 8GeV/c and the final-state D + andD 0 mesons to go forward direction, in an attempt to give useful information to experiments with antiprotons beams, such as PANDA (FAIR) and J-PARC. This paper is organized as follows. In Sec. 2 we present the formation spectra in terms of the production cross sections of the (p, D + ) and (p,D 0 ) reactions on a nuclear target. We also describe the DN andDN effective interactions in medium together with the D andD self-energies and optical potentials used in this study. Details on the construction of the nuclear density to evaluate the optical potentials for a given nucleus are presented in Appendix A. Next, in Sec. 3 we show our numerical results on the structure of charmed meson-nuclear systems and the formation spectra for them. Section 4 is devoted to the conclusions of this paper.
Formalism
First of all, we present the formalism for the formation spectra of charmed meson-nuclear systems in terms of the differential cross sections of the (p, D + ) and (p,D 0 ) reactions on a nuclear target. In the calculation of the formation spectra, the charmed meson-nucleon scattering amplitudes as well as the charmed meson self-energies and optical potentials are essential. In this study we employ the approach proposed in Refs. [47] [48] [49] . The charmed meson-nucleon interaction in matter and the corresponding charmed meson self-energies are presented in Sec. 2.1. Then, in Sec. 2.2 we construct the optical potential for the charmed mesons, that are needed for the solution of the Klein-Gordon equation (KGE) for the charmed mesonnuclear systems, and summarize our procedure to calculate the production cross section in the Green's function method.
Charmed meson-nucleon scattering amplitudes and charmed meson self-energies
The different charmed meson-nucleon scattering amplitudes in symmetric nuclear matter and the corresponding charmed meson self-energies are obtained following a self-consistent procedure in coupled channels, as described in [47, 48] for the D meson and in [49] forD meson. Here we summarize the main features.
The s-wave transition charmed meson-nucleon potential of the Bethe-Salpeter equation is derived from an effective Lagrangian that implements HQSS [36] [37] [38] . HQSS is an approximate QCD symmetry that treats on equal footing heavy pseudoscalar and vector mesons, such as charmed and bottomed mesons [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . The effective Lagrangian includes the lowest-lying pseudoscalar and vector mesons as well as 1/2 + and 3/2 + baryons. It reduces to the WT interaction term in the sector where Goldstone bosons are involved and incorporates HQSS in the sector where heavy quarks participate. This SU(6)×HQSS model is justified in view of the reasonable semiqualitative outcome of the SU(6) extension [50] and on a formal plausibleness on how the SU(4) WT interaction in the heavy pseudoscalar meson-baryon sectors comes out in the vectormeson exchange picture (see for instance Refs. [21, 25] ).
The extended WT meson-baryon interaction in the coupled meson-baryon basis with total charm C, strangeness S , isospin I and spin J, is given by
where √ s is the center of mass (C.M.) energy of the system; E i and M i are, respectively, the C.M. on-shell energy and mass of the baryon in the channel i; and f i is the decay constant of the meson in the i-channel. Symmetry breaking effects are introduced by using physical masses and decay constants. The D CS IJ i j are the matrix elements coming from the group structure of the extended WT interaction.
The amplitudes in nuclear matter, T ρ,CS IJ (P 0 , P) with P = (P 0 , P) the total four-momentum, are obtained by solving the on-shell Bethe-Salpeter equation with the tree level amplitude
where the diagonal G ρ,CS IJ (P) matrix accounts for the charmed meson-baryon loop in nuclear matter [47, 49] . We focus in the non-strange S = 0 and singly charmed C = 1 sector, where DN 
In the above equations, P 0 = q 0 + E N ( p) and P = q + p are the total energy and momentum of the meson-nucleon pair in the nuclear matter rest frame, and (q 0 , q) and (E N , p) stand for the energy and momentum of the meson and nucleon, respectively, in that frame. Those self-energies are determined selfconsistently since they are obtained from the in-medium amplitudes which contain the meson-baryon loop functions, and those quantities themselves are functions of the self-energies.
Optical potential and formation spectra
In order to calculate the formation spectra of the mesonnucleus bound states, we need the optical potential of a meson in the nucleus. Relying on the local density approximation, we evaluate the optical potential for the
where r is the distance from the center of the nucleus and E D is the energy of the charmed meson, i.e. E D is same as q 0 in Sec. IIA. The nuclear density ρ(r) is evaluated from the neutron and proton densities. The densities are deconvoluted as in Ref. [3] to account for the proton and neutron finite sizes. The details on the proton and neutron densities are given in Appendix A.
With the optical potential V opt we can obtain the meson wave function in the nucleus by solving the KGE
with µ the D meson-nucleus reduced mass. Here V coul (r) is the Coulomb potential given by
where e is the elementary charge, Z D is the charge of the charmed meson, and ρ ch (r) is the charge distribution of the nucleus of Eq. (A.1). We note that, for the D 0 -nucleus system, the Coulomb interaction is automatically removed, since Z D = 0.
Next we discuss the procedure to calculate the formation spectra in terms of the differential cross sections in the Green's function method [51] . The details of the Green's function method can be found in Refs. [52] [53] [54] [55] [56] , and here we only summarize the main features.
In this work, we calculate the formation spectra of the
reactions. As mentioned in the introduction, these processes are of interest for the forthcoming experiments by the PANDA and CBM Collaborations at the future FAIR facility and in J-PARC. For simplicity, we concentrate on the formation spectra of the (p,D) process. The present method starts with the separation of the cross section into the nuclear response function S (E D ) and the elementary cross section for the p(p,D)D reaction within the impulse approximation for D meson production
The differential cross section of the elementary process
, can be evaluated using some appropriate models or be taken from experimental data. For this cross section, we will use the theoretical results of Ref. [57] . The nuclear response function S (E D ) contains information on the dynamics between D−meson and the final (A − 1) nucleus. To calculate the nuclear response function, we employ the Green's function method. Namely, the nuclear response function with a complex potential is formulated in Ref. [51] as 
where α indicates the proton-hole state, H D is the Hamiltonian of the D meson-nucleus system, and φ † (r) is the D meson creation operator. The transition amplitude τ f involves the protonhole wave function ψ j N and the distorted waves χ i and χ f of the projectile and ejectile, respectively. The distorted waves are calculated within the eikonal approximation as
with the momentum transfer q and the distortion factor F(r) defined as
whereσ is the averaged cross section
with σp N and σD N , the totalpN and DN cross sections, respectively. We use the values σp N = 59 mb, and σD N = 10 mb obtained in the theoretical calculation of Ref. [30] . Besides, the averaged nuclear density,ρ, is approximated by that of the 11 B nucleus (Eq. (A.5)). By performing the spin sums, the amplitude τ f can be written as,
where it appears also the D−meson angular wave function Y l φ (r), which depends on the direction of the vector r (r), and the spin wave function ξ 1/2,m s of the outgoingD−meson. We assume harmonic oscillator wave functions for the proton-hole ψ j N wave function calculated with an empirical value of range parameter. We stress that within this approach, the D-nucleus optical potential only enters in the Hamiltonian H D that appears in the Green's function.
Numerical Results
Next, we show our numerical results for the structure and formation spectra of the D − −and D 0 −nucleus bound states. In the present calculation, we focus on the 12 Table 1 , where we show both the results obtained only with the Coulomb potential and those obtained when the optical potential is added to the Coulomb interaction. We can see that the inclusion of the strong interaction leads to smaller binding energies for both s and p orbital states compared to the corresponding values obtained when only the Coulomb interaction is considered. This is to say, the strong interaction between the D − −meson and the 11 B nucleus is repulsive in this case. This is caused by the level repulsion induced by the existence of nuclear bound s and p states. In addition, the imaginary part of the optical potential 4 , however the decay width of the D 0 mesic nuclear state is larger than its binding energy. This is due to the existence of open strong decay modes (Σ c π, Λ c π) of the DN pair. The natural question that arises is whether these mesic nuclear states will appear in the spectrum of the one proton pick-up reactions. We address this issue in the next subsection. (8) and (9)). We consider forward scattering for the outgoing D + orD 0 meson to maximally suppress the momentum transferred to the mesic nuclear or atomic bound states. Using this kinematics, we show in Fig. 1 the momentum transfer in these reactions as a function of the antiproton momentum, Pp, in the LAB frame. We see that a large momentum transfer about 1GeV/c is inevitable when working with an antiproton beam.
Formation spectra
In this preliminary study we fix the LAB antiproton momentum to 8GeV/c, since we expect to obtain in this region, both a large elementary cross section [58] and a momentum transfer close to the smallest possible, as seen in Fig. 1 . On the other hand, we use the theoretical results of Ref. [57] for the dif- ever, its strength is very small compared to the quasifree contribution above the D − production threshold (T D + > 5238MeV), mainly due to the very large momentum transfer in the reaction. The cross section for the reaction is proportional to |Φ nlm (q)| 2 , where Φ nlm (q) is the D − bound wave function in momentum space [59] [60] [61] [62] bound wave function are already expected to be small. Thus, one gets a large suppression form factor. The large momentum transfer also leads to the disappearance of the 1s state below the 2p state in the formation spectrum, since the 1s 1/2 hole contribution is negligible in the bound region 5 .
In Fig. 3 we show now the formation spectrum of the [D 0 -11 B] system as a function of the outgoingD 0 meson total energy (TD0) in the LAB frame. In this case, we do not see in the formation spectrum any signature of the 1s nuclear state with B E = 6.5MeV reported in Table 2 . This is again because of the large momentum transfer of the reaction. However, we note that we find two peaks in formation spectrum forD 0 energies in the region of 5.5 GeV, which would correspond to very deeply bound D 0 states. These structures are shown in Fig. 4 , but we do not obtain any eigenstates in such deep energy region. These peaks in the formation spectrum come from the energy dependence of the optical potential, as can be seen in Fig. 5 , and they are associated to the dynamically-generated Σ c (2556)-hole and Λ c (2595)−hole states, as discussed in [47] .
As already noted, the rather large momentum transfer in- achieved with alternative reactions. For instance,
After emission of a pion the charmed meson can be slow and get trapped by the nucleus. More generally, in reactions of the typep+N →D * +D followed byD * →D+π orp+N →D+D * followed by D * → D + π, the vector meson may be real or virtual and the D orD produced may be slow and get trapped. (Note that nothing prevents the antiproton to annihilate with the neutrons instead of the protons of the nucleus, thereby increasing the reaction cross section.) Likewise, bremsstrahlung of pions produced by the antiproton as it impacts the nucleus also changes the kinematics and could lead to new formation mechanisms. All these alternative mechanisms in which energy and momentum is released by emission of pions (or even photons) could help to reduce the momentum transfer to the final charmed meson and are therefore worth studying. From the theoretical point of view we would expect sizeable formation peaks over a flat background.
Conclusions
In this work we have calculated the formation spectra of the charmed/anti-charmed mesic nuclear states in the 12 C(p, D + ) and 12 C(p,D 0 ) antiproton reactions, aiming to provide useful information for experiments such as PANDA in the future FAIR facility and J-PARC. There exists also the possibility of observing these exotic mesic nuclei in relativistic heavy-ion collisions, such as those taking place in the future CBM experiment at FAIR.
For this purpose, we have described the (anti-)charmed meson-nucleon scattering amplitude in dense matter by employing a unitarized coupled-channels model based on an extended WT interaction to account for HQSS constraints in the charm sector. Then, with the (anti-)charmed meson-nucleon amplitude in matter, we have constructed the self-energies and, hence, optical potentials of the (anti-)charmed mesons in 11 + /D 0 are taken in the forward direction to suppress as much as possible the momentum transferred to the mesic nuclear bound states. We have found, on the one hand, that the 2p D − nuclear state may show up in the formation spectrum as a small peak. However, its peak strength is very small compared to the quasifree contribution above the D − production threshold, mainly due to the very large momentum transfer in the reaction. The large momentum transfer also leads to the disappearance of the 1s state below the 2p state in the formation spectrum for D − . On the other hand, for the D 0 meson, the nuclear bound state does not lead to any visible signatures in the spectrum, although at deep energy regions large peaks are present. These structures correspond to the dynamically-generated Σ c (2556)-hole and Λ c (2595)-hole excitations, and their experimental observation might shed light into the dynamics of these resonances inside of a nuclear environment.
Finally we note that in the (p, D + ) and (p,D 0 ) reactions, the momentum transfer is inevitably large. Therefore, in order to have visible strengths for the 1s or 2p nuclear states, we should consider different production reactions with small momentum transfer. One possibility is to examine the (p, D + N) and (p, D + 2N) reactions, with a much smaller or even zero momentum transfer, although the formation cross sections could be suppressed as well because of the complexity of the reaction mechanisms. Other competing formation mechanisms could involve the emission of pions by real or virtual intermediate D * or D * with subsequent trapping of the slow pseudoscalar charmed meson by the final nucleus.
Appendix A. Neutron and proton densities
For the evaluation of the nuclear density ρ(r) of a given nucleus, one has to obtain the neutron and proton densities. Namely for the 11 B nucleus, on the one hand, the charge distribution ρ ch is given by a modified harmonic oscillator (MHO) distribution The neutron matter distribution is taken to be identical to ρ ch .
On the other hand, the densities of proton (ρ p ) and neutron (ρ n ) turn out to have also a MHO shape [3] , but with modified parameters to account for the proton and neutron finite sizes, 
